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ABSTRACT

A study was undJrtaken

to compare proteins

present in the gill membranos of freshwater and saltwater adapted k1111f1sh, Fundulus heteroclitus.
this purpose, a method for the preparation

or

For

gill

plasma membranes was developed.
Polyacrylarnide gel electrophoresis indicated
that the two types of gills possessed many membrane
proteins in common.

However, the freshwater adapted

group possessed a single protein not found

~n

the

saltwater adapted group and the latter contained a
protein not found in the freshwater adapted group.

INTRODUCTION

The killifish, Fundulus heteroclltus is a
euryhnline teleost that tolerates environments which
range from fresh•:rater to salinities in excess of 3.5
ppt (De Sy!via et al., 1962).

To better understand

the adaptive ability of heter•oclltus, as well as other
euryhnline fish,

.!.!! vitro and !!!

vh·o investigations

have been conducted by many researchers.
The gut, gill and kidney interact to maintain the proper water and mineral balnnce in fish

(Maetz, 1971).

In freshwater, water enters through

the gills, and the kidneys remove the excess water
by excreting abundant amounts of dilute urine.

Renal

sodium and chloride loss are compensated by an active

uptake of ions by the gills (Conte, 1969 b).

In a

marine environment, water lost across the gills is
replaced by active absorption in the gut,

Ezcess

-monovalent ions absorbed in the gut are excreted by
the gills (Conte, 1969 b)c

Although the role of the

gill in freshwater is limited mainly to respiration
. and secondarily to ion uptake (Conte and Lin, 1967),
one of the most important roles of the saltwater gill
is the active excretion of monovalent ions (Kamiya and
Utida, 1968).

Tosteson, et al., (1962) found by mea-

suring the electric potentials that chloride transport

- 2 -

in the gills ls nn active process.

Maetz et al. (1964)

used radioactive tracer techniques to determin~ that
sodium transport across gill membranes is also active
and independent of the chloride mechanisms.

The turn-

over rate of sodium ions across the gills is much higher
in marine fish than in freshwater fish (Mota.is & Maetz,

1964, Motais, 1967).
The molecular mechanism of chloride transport
has not been elucidated (Motals & Garcia-Romeu, 1972).
It ls not known, for example, whether the activity of
carbonic anh-vdrase, the chloride transport enzyme,
changes during adaptation of fish to altered salinity.
More is known, however, about the mechanism of sodium
transport.

Most animal cells transport sodium outward

and potassium inward, usually against concontrat1.on
gradients, in an energy requiring process.

Much evi-

dence suegests that the Na•+K•-activated ATPase in the

plasma membrane participates ln this active transport
process -(Skou, 1965).

When a euryhaline fish is sub-

jected to a marine environment, the

Na absorbed

through

the gut must be eliminated by the gill against a high
chemical gradient.

The increased requirements placed

upon the cation transport mechanism appear to be reflected by the increased ac ti vi ty of Na++ K:+ -ac ti va ted

ATPase in the saltwater gills (Epstein,
Kamiya & Utida, 1968; Conto, 1969).

et~.,

1967;

This increase in

.. 3 -

ua•+ K+-activnted ATPase activity mo.y be tho result of
(1) synthesis of new enzyme molecules when an increase
in relative quantity of AfPaso protein would bo expected or (2) activation of preexisting enzyme molecules

in which the same amount of Na++K+-activated ATPase
protein would be found in ei the1• freshwater or· saltwa.to1• adapted fish.

Previous investigations of this

question have been inconclusive (Cvervanka & Conte,

1970; Conte, personal communication).

The rapid turn-

over of gill epithelial cells observed upon transfer
to saltwater (Conte & Tripp, 1970) suggests that new
membrane components may be synthesized.

In addition,

immunochemical studies by C onto and Mori ta (1968)
showed that adaptation to seawater causes an increase
in several cellular proteins.

There was a 4-8 fold

increase in antigenicity of the collula.r components,
plasma membranes being much higher than mlcro3omal
preparations of the saltwater adapted gills.

However,

no di.1•ect analyses of 1ndi vidual gill membrane proteins
have been recorded.
The purpose of the present study was to electrophore tically compare membrane proteins from gills of
f'reshwater and saltwater adapted Fundulus hetcroclitus.
Another objective was to develop a simple mothod for
the preparation of gill plasma membranes.
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MATERIALS AND METHODS

K1111fish, Fundulus heteroclitus, were collected from Mobjack Bay, Severn, Virginia by so1n
during the months January through April, 1972.
ti~ansport

After

to the laboratory, the fish were maintained

in filtered water collected at the site of capture.
Water temperature was maintained at 19·21 C and its
salinity was determined using the method of Strickland
and Parsons (1960).

Malo hete1•oclitus were placed in

aquaria containing fresh water (0.02 ppt) or saltwater
(34.7 ppt) nnd allowed to acclimate for a minimum of
fourteen days before tissue was removed f'or assay.

A

total of twelve electrophoretic analyses were performed.
In es.c.h test, the gills from 10-15 fishes were pooled.

Gill plasma membranes were prepared according
to Fitzpatrick ot ~· (1969) with modifications in
volumes and centrifugal forces employed.
~ere

carried out at 4

c.

All steps

Gill filaments were removed

rrom excised gill tissues and kopt in ice-cold isotonic sucrose medium (0.25 M sucrose-1 m'M EDTA).

The

gill filaments were pooled until approximately 500 mg
of tissue were accumulated.

The tissue was then homog-

enized 1n three volumes of isotonic sucrose medium in
a Potter-Elvehjem apparatus with a teflon pestle at

1725 rpm untll all tissue was broken up.

Tho homogenate

- 5 ·was filtered th1'ough two layers of gauze.

A portion

of this homogenate was examined for enzyme actlvity
with the remainder being
10 min at 0 C.

~entrifueed

at 1475 g for

The supernatant was decanted and the

sedimented material was resuspended in one volume 2M
sucrose, mixed thoroughly with a glass rod, and centrifuged 15 minutes at 18,000 g.

Seven volumes cold

distilled water were added to the supernatant which
was then centrifuged at 35,000 g for

15

min.

resulting pellet consisted of two layers.

The

The upper

layer containing the plasma. membrane fragments, was
removed by gently swirling 1 ml isotonic sucrose above
the pellet.

This suspension was

a glass i•od and centrifuged for

thorough~y

15 min

a~

mixed with

35,000 g.

The supernatant was decanted and tpe pellet was resuspended in 0. l .ml distilled wa tor, and a portion was

ramoved for enzyme assay.

To thls plasma membrane

preparation, urea was added to an 8 M concentration
and mixing was accomplished by vlgorous vortexing.
Phenol-ncet1c acid 2:1 (w/v) was added to make a
total volume of 0.4 ml and the mixture again vortexed
vigorously.

The preparation was used immediately for

electrophores13 or frozen at -17 C for later use.
Frozen preparations were used within 24 hours after
freezing.
A modified Janicki and Kinter (1971) ATPase

- 6 assay was run in duplicate with one incubation blank.
Reagents were added to the incubAtion tubes so that
the final concentrations were 20 mM lmldazole-HCl (pH

7.8), plus either.100 mM NaCl and 20 mM KCl, or 120 mM
NaCl and lmM ouabaln in a final volume of 2 ml.

All

tubes received 0.1 ml of the sample material with the
exception of the incubation blank which received the
same amount of the suspension medium.

After incubation

25 C for 30 min, 0.2 ml 50 mM ATP in 50 mM MgC1 2 was
added to each aample and allowed to react for 30 min.

nt

The reaction was halted by the addition of 2 ml 10%
trichloroacetlc acid.

The test mixtures were placed in

ice for 10 min and then centrifuged at 10,000 g for 10

min at 0

c.

One ml of the superna.tant was analyzed

for phosphate according to Fiske and SubbaRow (1925).
Na•+K+-activated ATPase activity was determined as the
difference between the total activity in the presence
of Mg++, Na+, and ~, and the ac ti vi ty (Mg++ -dependent)

measured in the presence of Mg++ , Na+, and ouabain.
It is expressed as micromoles of phosphate released per
mg protein per min.

A protein assay was performed on

both the homogenate and final membrane preparation

according to Lowry, et ~· (19)1).

In preliminary work, an electrophoret!c
system employing sodium dodecylsulfate (SDS} as
outlined by Fairbanks

~~al.

(1971) was attempted

... 7 without reliable results.

This method was abandoned

and the electrophoresis technique of Takyamn
"11'/aS

~

used throughout the subsequent test period.

al. (1964)
Poly-

a.crylam1de gels we1•e prepared by the method of Takyama
et!!!• (1964) as modified by Ch1gnell and Tltus (1969).

(5

Glass tubes

mm ID x 80 mm long) were lightly fire

polished and scored at

50

ntm and

75

were then silanized by immersion in

m.m lengths.
l~

They

dichlorodimethyl

stlane in benzene for four hours to facilitate removal
of tho gels.

After

rlnsin~

in distilled water several

·times and thorough drying, the tubes were stoppered at

their bases and positioned upright ln test tube racks.
Seven and one-half percent acrylamide gels were prepared
to the following specifications: Stock soJ.ution A contained 6 g acrylo.mlde, 0.16 g N,N'-mothylenebisacrylamlde
(BIS), 12 g urea, 28 ml glacial acetic acid and distilled water to a total volume of 60 ml.
B, prepared fresh daily, consisted of

Stock solution

O.J

g ammonium

pe:r•.sulfnte, 12 g urea., and distilled water to a volume

of 20 ml.

Stock solutions A and B were mixed with N,N,

N', N'-tetramethyl ethylenediamide (TEMED) (3
v/v/v) to give the final gel solution.
vm.!l

The gel solution

carefully pipetted into electrophoresis tubes to

a height of
to

:l~0.02,

75

mm.

50

mm and overlayod with 75%i acot1c acid

The tubes were incubated at

to polymerize the gel.

50 C for 15 min

The 75~ acetic actd was shaken

- 8 from the tube and the gel was rinsed with lOfo acetic
acid before being immersed 4-7 days in a solution of
phenol-acetic acid-water, 2:1:1 (w/v/v) containing
2 M urea.

The soaked gels we1•e inserted vertically
into holders of the electrophoresis apparatus and a
10% acetic acid overlay was applied to the gel.

One

hundred microliters of the gill plasma membrane preparation, suspended in phenol-acetic acid-water, 2:1:1
(w/v/v) containing 2 M urea, was layered on the gels
underneath the 10~ acetic acid (pH 2.3).

Electrophoresis

was conducted toward the cathode (-) at 3 C for four
and one-half hou1•s at 2 .5 mA per tube.

Both freshwater

and saltwater gill membrane preparations were run
simultaneously to provide an

accur~te

comparison.

Upon completion of electropr0resis, the gels were
carefully removed from the tubes by injecting

10~

acetic acid between the gel and glass tube with a
10 cc glass syringe equiped with a

needle.

1.5

in 20 gauge

After removal from the glass tubes, the gels·

were placed in a marked staining chamber filled with
10% acetic acid.

All gels were then drained and simul-

taneously stained with 1% amido-schwartz in
acid for 1 hr.

7%

acetic

After staining, the gels were cleared

with sever.al chan~es of

7%

acetic acid at

35 C. The

cleared gels were scanned in a Gilford Model 2410

- 9 ..

Linear Transport with Adapter model 2411 mounted to
a Beckman DU monochromater to determine the density
and distribution of the protein bands.

Electrophor-

etographs were obtained at 5'00 mu at a scanning rate
of 2 cm/min and a chart speed of l in/min.
The Na++K+-sctivated ATPase protein was
labeled with 32p in the presence of ouabain (Chignell
and Titus, 1969) and separated by electrophoresis.
The gels were sliced longitudinally; one-half was
stained and the other half transversely sectioned.
Measurements of radioactivity per mm of gel were
obtained by a liquid scintillation counting.

RESULTS AND DISCUSSION

One of the objectives was to develop a
simplified method for obtaining a subcellular fraction of gill that is rich in plasma membranes.

It

was desirable to obtain a method to provide a membrane
fraction that sedimented rather quickly at lower
centrlfu~al

speeds, as an ultracentrifuge, which ls

required for most membrane preparations, was not
readily available.

One widely used method for pJasmn

membrane preparation utilizes homogenization and
sonicatlon and eventually ultracentrifueation (Fisher

- 10.~

!!.•,

1970).

The older, classical Neville (1960)

technique for 1solnt1ng membrane fractions, used donsity

gradient centrifugation at lower speed, but eventually
ultracentrifugation was employed.

The procedure adopted

for the present study was derived from a modification
of a technique Fitzpatrick et

~o

(1969) used to iso-

late membranes from mammalian kidney homogenates at
lower centrifugal forces.

A modified flow sheet of the

gill plasma membrane preparation ls shown in Figure 1.
The ATPase assay conducted to ascertain the
quality of tho membrane preparation is shown in Table
1.

Since sodlum·potassium-activated ATPase is a struct-

ural part of the plasma membrane (Skou, 1965), its
specific activity in the final preparation relative to
the homogenate is an indication of the degree of membrane purification.

In the gill plasma membrane pre-

paration, the specific activity of the Na++K+-activated
ATPase increased as the purification of the membrane
proceeded.

The plasma membrane fraction, when compared

with the original homogenate showed an 11.3 fold increase
in

l~a+

+K+-activated ATPnse specific activity (Table 2).

The specific activity of Mg++_dependont ATPase showed
only a lc2 fold increase in specific activity indicating
that the procedure employed was able to separate these
two enzymes.

These results may be compared with those

of Epstein, ~

a.1., (1967)

who found a five fold increase
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in Na++ :rrt"-dependent AT Pase ac ti vi ty using mlcrosomal
preparations and with Fitzpatrick et al., (1969) who
obtained five fold incroases in No.++ K+-ac ti vo. ted AT Pase
and Mg ••-dependent ATPase activities using kidney plasma

membrane preparations.
The electrophoretographs of gill memb1•ane

proteins from saltwater adapted fish indicated ·twelve
majo~

bands, as did the electrophoretographs from the

freshwater adapted fish (Figures 2 and 3).

Although

most of the bands are homologous, the saltwater membranes contained one protetn not present in the freshwater
membranes (at 17 mm) and the freshwater membranes contained one protein not found in the saltwater {at 36 mm).
Quanti tat1ve differences between proteins of the two
groups were not analyzed; however the different magnitude of similar peaks suggest some differences between similar proteins.

These studies represent the

first direct evidence for protein differences related

to salinity adaptation.

The protein differences may

reflect the altered transport requirements faced by
saltwater and freshwater adapted

heteroclit~.

Whether

these proteins are components of Na•+K•-activated ATPase
or carbonic anhydrase enzyme systems remains to be

investigated.

The possibility that these differences

could be due to other factors, (i.e. sexual maturity,
nutrition) has not been entirely eliminated.
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Seigel !!.!

!..!.• (1969) reported that in the

presence of K+, ounbain stimulates inorganic

phosph~te,

in the form of 32p, to be incorporated into protein in
Na+~K"-actlvated ATPase.

This labeled enzyme complex

may be identified electnophoretically (Towle, 1970).
An_attempt was made,

.uain~

the technique of Chignell and·

Titus (1969), to detArmine whether fue Na~+K'"-activated
ATPase was one of the proteins undergoing change.· When
gill plasma membrane preparations were incubated in the
presence of 32p and ouabaln and electrophoresed, radio~
activity was found to be dispersed at random throughout
the gel.

The reason.for the disparity between these

results and those of Chignell and Titus is unknown.
Although inconclusive results were obtained from the
attempt to label the ATPase enzyme complex, identiflca tion of specific proteins in gills of freshwater
and saltwater adapted fish is an area worthy of further
investigation.
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Table l.

ATPnse assay of ho~ogenate and plasma
membrane preparations of gill tissue
from Fundulus heteroclitus.

-~

Micromolea Pi Per Milliter Per Minute
-~-

Total
Tube
1

.

Mg

AT Pase

... ube

...+

ATPase

Ave.

Tube
3

Tube
4

Ave.

2

Homogena. te

0.96

o.86

0.91

0.80

0.78

0.,79

Plasma membrane.a

0.237

0.230

0.234

0.090

0.095

0.093
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Table 2.

Specific activity of Na•+K+·nctlvated and
Mg•+-activated ATPase in homrgennte and
plasma membranes of Fundulus heteroclitus

Na.+ +IC+ AT Pase

Total

protein

umole P/
ml/min

umolc P/
mg/min

Mg

++

ATPa.se

umole P/
ml/min

umole

mg/min

P/

mg/ml

. ·Homogenate

2.60

0.208

0.080

1.264

0.486

Plasma membr•a.ne s

0.25'

0.226

0.9"4

0.,149

0.596
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Figu1•e 1.

Flow sheet for plasma membrane ])'reparation
from gills of Fundulus

h2tel'_2C~i t~.,

Gill filaments
Homogenate
Centrifuge

Pellet

1,475 x g

Supernatant

(cell debris, nuclei, large
_
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Gel photograph and electrophoretograph of saltwater-adapted klll1f1sh,
Fundulus heteroclltus.
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Figure 3•

Gel photograph and electrophoretograph
of freshwater-adapted k1111fish,
Fundulus heteroclitus.
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